Three-dimensional density measurement of unsteady flow field around a sphere is carried out in the ballistic range at Institute of Fluid Science, Tohoku University. Simultaneous multi-angle measurement system using twelve digital cameras is installed in the test chamber of the ballistic range to achieve the three-dimensional density measurement. The Colored-Grid Background Oriented Schlieren (CGBOS) technique using colored-grid background is utilized for the reconstruction of density. The Mach number of the sphere is set to 1.5. The short pulse LEDs to illuminate the backgrounds are also installed in the chamber to capture the unsteady flow field around a flying sphere. Three-dimensional density distribution around a sphere is successfully reconstructed.
Introduction
The supersonic aircrafts and rockets are developed actively all over the world. In the development process, the density measurement around the model of aircraft and rockets under the supersonic speed is important in order to obtain aerodynamic properties [1] [2] [3] . surement of flow field with computer-aided image analysis. In contrast to the conventional Schlieren technique, the BOS technique requires only a background and a digital camera to realize the quantitative measurement of density.
In the past several years, the BOS technique has been applied in various experiments [6] [7] . Also, Ota et al. proposed the Colored-Grid Background Oriented Schlieren (CGBOS) technique that uses a colored-grid background and the technique has been applied to some experiments [8] . Ota et al. also aimed the three-dimensional density measurements by using CGBOS technique. The previous reports have focused on the reconstruction of steady flow, reproducible unsteady flow or axially-symmetrical unsteady flow in the wind tunnel test because the flow field was measured with one camera from one direction and multi-projections of flow were obtained with repetition of many blow-downs [9] [10] or one projection under axially-symmetric condition [11] . However, the unsteady phenomena should be measured simultaneously from multi-projection angles because the "real" phenomena would never happen again.
In this study, twelve digital cameras are employed to realize the simultaneous multi-angle observation and reconstruction of the unsteady flow around the projectile in the ballistic range experiments. The digital cameras and LEDs are used to construct the multiangle CGBOS measurement system with low-cost.
Unlike common wind tunnels, the supports of the experimental model are not necessary for free-flight test in the ballistic range; therefore the phenomena in the wake flow region can also be measured. The Schlieren visualization or the measurements with pressure sensors have been mainly carried out in the ballistic range experiments so far and three-dimensional density measurements are rarely performed. In this paper, three-dimensional unsteady flow field around a sphere (Diameter ϕ = 15 mm) including its wake region is measured by the CGBOS technique at the ballistic range in Institute of Fluid Science (IFS), Tohoku University. (1), where f is the focal length of the camera, and n 0 is reference refractive index [5] . The relation between density ρ and refractive index n is given by the Gladstone-Dale equation expressed as Equation (2), where G is the Gladstone-Dale constant.
Experimental Setup, Condition and Method
The schematic diagram of the ballistic range in IFS is shown in Figure 2 . This apparatus can eject the projectile at 300 m/s to 700 m/s in gas gun mode. In this paper, twelve digital cameras (Canon EOS Kiss Digital X 3, 4752 × 3168 pixels) with telephoto zoom lenses (SIGMA 70 -300 mm F4-5.6 DG MACRO), the backgrounds and LEDs were set in the test section placed with 15˚ intervals as shown in Figure 3 and Figure 4 . Since the ballistic range shown in Figure 2 has the test-section chamber which has the inner diameter of 1660 mm, it is necessary to set the camera at the position as close to the inner wall of the test section as possible while securing the space for setting and adjusting the position of the camera. The position of the background was determined from the shortest focal distance of the used camera lens, therefore, the distance from a camera to a background (l b + l c ) is set to 950 mm and the distance from the background to the trajectory of a sphere l b is set to 255 mm as shown in Figure 3 . The focal length of zoom lens is set to 190 mm considering the size of the field of vision.
The duration of the LEDs flushes is set to 5 ns and it is desirable that the value of F-number of camera lends should be higher although the luminescence time was too short to obtain the adequate brightness. The spatial resolution for the observed phenomena will be lower in the case of decreasing F-number, i.e. opening the aperture of the lens, because the cone diameter of the incident light from the background to the camera lens at the observation position becomes larger [12] .
Thus, F-number was set to be close to the maximum value (F = 18) by increasing ISO sensitivity of the camera. . The frame rate and exposure time of the high-speed camera are set to 100,000 fps (frames per second) and 1.0 µs. In this paper, the ART (Algebraic Reconstruction Technique) [13] is employed for the reconstruction of density gradients.
The basic equation of ART is shown in Equation (3), where i is the number of the iteration, f i (x, y) is density gradient in this paper, P(r, θ) is projection data obtained from experiment, C(r, θ) is number of pixels in a projection path and R i−1 (r, θ) is pseudo-projection data calculated from f i−1 (x, y) [13] . Then the den- ( )
, , Figure 6 shows the conventional Schlieren image captured by the high-speed camera with horizontal knife-edge. From this image, Bow shock, expansion wave, separation shock and reattachment shock can be seen. A red rectangle in necessary that the timing of emitting the LEDs should be strictly adjusted because the photographable region is small as shown in Figure 6 . Figure 8 shows the vertical displacements obtained from CGBOS images of camera 1 and 7. The captured phenomena are almost same because the most of flow around sphere is axisymmetric except the wake region behind a sphere. The bow shock in front of sphere and expansion wave are captured, however the separation shock cannot be seen clearly this is because the observed phenomena contain blurs due to the diverging light observation with normal camera lens [10] .
Experimental Results
Three-dimensional density distribution around a sphere is reconstructed from 12 CGBOS images captured simultaneously. As mentioned above, after the reconstruction of the density gradient by ART, three-dimensional density distribution is obtained by solving the Poisson equation using the successive over relaxation method [8] . Reconstructed density distribution on the central plane is shown in Figure 9 . Bow shock in front of a sphere, recirculation zone and reattachment shock in the wake region are captured. The low-density region around recirculation zone seems to be thicker than that of the conventional schlieren image in Figure 6 this is because the error of ART reconstruction and integration process using SOR method, furthermore captured CGBOS images are blurred due to the diverging light observation with BOS measurement [10] . sphere can be confirmed, this is because the background image cannot be captured in the sphere position and the reconstruction has to be done from insufficient projection data. However, there is no obstacle in the wake region, the reconstructed results, e.g. the 3D shape of recirculation zone and reattachment shock wave can be reliable.
Conclusion
The simultaneous multi-angle measurement system using the BOS technique is installed in the ballistic range at Institute of Fluid Science, Tohoku University. In
